We explored the action of luminal AVP in rabbit CCD perfused in vitro at 370C. Clin. Inpest. 1991. 88:952-959.) 
Introduction
In the mammalian kidney, the CCD is an important target in the nephron for the antidiuretic action of AVP, the single most important hormone for regulation of urine production. In this nephron segment, it has become evident that, in addition to the adenylyl cyclase-cyclic AMP system, which mediates the classic V2 receptor-coupled antidiuretic effect of picomolar AVP, multiple signaling pathways are activated when AVP at nanomolar concentration is applied to either isolated tubules (1) or cells (2) in vitro. Unlike the cyclic AMP system, these additional signalings do not induce a hydroosmotic effect (3, 4) , but result in self inhibition of the AVP-induced antidiuretic effect in the CCD (1) . Also, these signalings may affect transport of ions such as Na+, K+, and HCO3-(5-7). However, the physiological relevance of these heterogeneous actions of nanomolar AVP has not been confirmed, because the level of circulating AVP is strictly regulated within the picomolar range, and rarely exceeds this even under serious hypovolemia (8) .
On the other hand, it is known that AVP is excreted into urine mainly via glomerular filtration and tubular excretion in the distal nephron (9-1 1). Importantly, when AVP release is stimulated, the final urine contains intact AVP ofthe nanomolar range, while plasma AVP level is within the picomolar range (9) . Thus, in clarifying the comprehensive role ofAVP in urine production, it is of interest to explore whether luminal AVP modulates the epithelial functions of the CCD.
Early in vitro microperfusion studies of the CCD by Grantham and Burg (12) revealed that luminal AVP (-500 pM) failed to increase osmotic water permeability. In the amphibian urinary bladder epithelum, an analogue of mammalian collecting duct, AVP had also found not to increase water permeability (13) or to alter Na transport (14) when it was applied from the apical side. In a study using primary-cultured canine CCD cells (15) , luminal AVP was found to stimulate prostaglandin synthesis. However, it is unknown whether cultured cells retain the intact apico-basolateral polarity of the CCD in situ. In fact, the luminal actions ofbradykinin or prostaglandins found in the cultured CCD cells were not observed in isolated perfused CCDs (6, (16) (17) (18) (19) . Otherwise, to our knowledge, there are no published data describing an effect of luminal AVP. Given the high urinary AVP concentration and the multipotential of nanomolar AVP mentioned above, this study was undertaken to determine whether AVP has a luminal action other than increasing osmotic water permeability.
Methods
Single CCDs were dissected from kidneys of anesthetized (pentobarbital, intravenously injected) male Japanese white rabbits weighing 1.5-2.5 kg, and perfused in a lucite bath chamber on the stage ofan inverted microscope at 370C using the methods described previously (20) . To facilitate luminal perfusate exchange during each experiment, a polyethylene tube (PE-lO; Clay Adams, Parsippany, NJ) was inserted in the "B" pipette, which was connected to the CCD lumen for perfusion. The perfusate flow rate was adjusted by hydrostatic pressure. Perfusate exchange was done manually by injectingthe perfusate into the polyethylene tube, washing out the preexisting medium in the "B" pipette.
The compositions of the bath medium and isotonic perfusate were as follows (in millimolars): NaCl, 105; NaHCO3, 25; Na acetate, 10; Na2HPO4, 2.3; NaH2PO4, 1.0; KCI, 5; CaCl2, 1 
where R is the gas constant, T is the temperature of the bath medium Fig. 2 . Thus, a subnanomolar concentration appeared to be the threshold concentration, and 1 and 10 nM were the half-maximal and maximal concentrations required for the Vt change, respectively. The Vt was restored after the removal of luminal AVP (Fig. 1) .
To further evaluate the specificity of this effect of luminal AVP, another polypeptide hormone, glucagon (10 nM), was applied to the lumen, but no change in Vt was observed (n = 3, data not shown). Also, when a different segment of the collecting duct, the inner stripe ofthe outer medullary collecting duct (OMCDi), was perfused (n = 3), neither 10 nM luminal AVP nor 10 nM luminal glucagon altered the Vt (data not shown).
The hyperpolarization induced by luminal AVP was obviously distinct from that induced by basolateral AVP as shown in Fig. 3 . Basolateral AVP caused a transient hyperpolarization, whereas a sustained hyperpolarization was induced by A. B. Table I , the Vt change induced by basolateral AVP was abolished in the presence ofbasolateral ouabain, a well known inhibitor ofelectrogenic Na' and K+ transport in the CCD (21, 22) . In contrast, the Vt responses to luminal AVP and to bath isoproterenol, which is thought to alter Vt via activating adenylyl cyclase exclusively in intercalated cells (23-26), were preserved.
In the study shown in Table I pM basolateral AVP was rechallenged in tubules [3] [4] [5] [6] [7] . In all of these five tubules, the Vt response to basolateral AVP, i.e., transient hyperpolarization, was restored (mean Al', = -4.0±0.9 mV). In tubules 4-8, 10 nM luminal AVP was subsequently added, and this induced sustained hyperpolarization in all of the tubules (mean A Vt = -4.2±1.0 mV). Next, in a different group of tubules, net Na reabsorption and K excretion (JNa and JK, pEq/mm tubule/min) were measured using the same isotonic perfusate (Fig. 4) . To 
test).
To explore the mechanism of the luminal AVP-induced hyperpolarization further, we also employed acetazolamide, which is known to be an inhibitor of electrogenic H' secretion in the rabbit CCD (27) . In these experiments, tubules were perfused at a high perfusion rate (-50 nl/min), as in the doseresponse and ouabain studies. In the absence ofacetazolamide, the Vt was hyperpolarized by 10 nM luminal AVP from -14.9±3.1 to -21.4±3.7 mV, which recovered to -16.4±3.3 within 20 to 30 min after AVP washout ( Fig. 5 and Table II Table I To exclude the possibility that the attenuated hyperpolarization in response to the second luminal AVP was not due to acetazolamide, but resulted from desensitization of the tubule by the initial luminal AVP, we carried out another five timematched experiments, in which 10 nM luminal AVP was applied twice with an interval of40 to 60 min (Table II B) . In this study, desensitization was denied since the Vt responses to the first and second luminal AVP challenges were not different. Furthermore, because the hyperpolarization induced by acetazolamide itself might have reduced the potential ofthe tubules to hyperpolarize further in response to luminal AVP, another procedure to hyperpolarize the Vt, i.e., luminal addition of Ba", was tested. Ba++ is a well known K channel blocker and hyperpolarizes the Vt of the rabbit CCD by inhibiting apical K secretion (28) . Indeed, as shown in Table  II , A and C. Thus, it was unlikely that hyperpolarization of Vt itself spoiled the Vt change induced by luminal AVP in the acetazolamide study.
Finally, the effect ofluminal AVP on osmotic water permeability in CCD was investigated (Fig. 6 ) in the presence of an osmotic gradient between the bath medium (300 mOsmol) and the low NaCl hypotonic perfusate (150 mOsmol). To stimulate water transport, 20 pM basolateral AVP was chosen because this concentration is within the physiologic range for plasma AVP and exclusively stimulates the cyclic AMP system without considerably affecting noncyclic AMP-related signaling systems coupled to the so called V, type receptor (1) . Also, this concentration is comparable to the plasma AVP concentration recorded in a previous human study (-40 pM) when nanomolar (-7 nM) AVP was measured in the urine (9) . (30) . The Vt change induced by luminal AVP seems to be unique. In the light ofdetailed studies ofthe morphological and functional subtypes of CCD cells, where a variety of ion transport pathways have been identified and found to be hormonally regulated, the origin of Vt in the CCD and the mechanism of its regulation cannot be explained simplistically without direct measurement of transport of various ions including H', Cl-, HCO3-, Ca++, P043-, and Mg"+ (31) (32) (33) (34) in the apical and basolateral membranes ofboth principal and intercalated cells. However, because the principal cell is thought to participate, if not exclusively, in AVP-regulated water transport in the CCD (26, 35), the inhibition ofthe hydroosmotic effect ofbasolateral AVP by luminal AVP suggests that luminal AVP might alter Vt by directly or indirectly affecting ion transport in principal cells. Nevertheless, the Vt change induced by luminal AVP is obviously distinct from that induced by basolateral AVP, and cannot be explained only by trivial changes in net Na or K transport. In the CCD, the principal cell is considered to be primarily responsible for electrogenic Na' and K+ transport. The driving force for transport ofthese cations in principal cells is provided by the basolateral ouabain-sensitive Na+/K' pump (21, 22, 26) . Thus, if luminal AVP hyperpolarizes Vt by modulating Na or K transport in the principal cell, the V1 change induced by luminal AVP as well as the change caused by basolateral AVP should be suppressed by ouabain (31, (36) (37) (38) . However, the V1 response was preserved in the presence of ouabain (Fig. 3 , C-E, Table I ), in accord with the lack of considerable change in net Na or K transport (Fig. 5) . Furthermore, luminal Ba++ did not inhibit the V, change induced by luminal AVP (Table II C) . This is also compatible with the lack ofchange in net K transport and the inability ofouabain to inhibit the effect of luminal AVP on Vt. Taken together, the evidence is fairly convincing that Na and K transport in principal cells is not the crucial factor for the Vt response to luminal AVP.
The effect of basolateral isoproterenol, which is thought to affect intercalated cell function preferentially (23-26), on Vt was preserved in the presence of ouabain (Fig. 3 E) (27, 39) . Studies by Koeppen and Helman (27) (27) observed that the effect of acetazolamide in increasing the negativity of Vt became overt if Na' reabsorption was inhibited previously by ouabain, a Nafree perfusate, or luminal amiloride. In contrast, because luminal AVP did not inhibit Na' reabsorption (Fig. 4) , the hyperpolarization induced by luminal AVP would not be mitigated.
Also, in some studies (27, 41) , basolateral ouabain per se has been found to suppress luminal acidification in the CCD. If this suppression is due to the same mechanism as that induced by acetazolamide, ouabain might also suppress luminal AVPinduced hyperpolarization. However, this was not obvious in our study (Table I) , probably because of a difference in the mechanism or potency ofthese two agents in inhibiting acidification. Indeed Koeppen and Helman did not observe inhibition of acidification by ouabain in the absence of extracellular Na and K, whereas that induced by acetazolamide was independent of these extracellular cations (27) .
The mechanism of inhibition ofthe hydroosmotic effect of basolateral AVP by luminal AVP has also been unexplored. At least one previous study, in which no AVP-sensitive adenylyl cyclase was detected in the luminal membrane fraction of the bovine collecting duct, appears to argue against the possibility that the inhibition is related to an increase in cyclic AMP by luminal AVP (42) . As mentioned earlier, nanomolar AVP is capable ofautoinhibiting the hydroosmotic effect through activation of protein kinase C, elevation of the intracellular free Ca"+ concentration, or stimulation of prostaglandin synthesis (1) . If certain AVP receptors coupled to these machineries reside in the apical membrane, luminal AVP might inhibit the hydroosmotic effect of basolateral AVP. In this regard, it is noteworthy that apical AVP has been found to stimulate prostaglandin synthesis in canine CCD cells in primary culture (15) . However, all three of these mechanisms have been found to depolarize Vt when activated. The protein kinase C activators phorbol myristate acetate and dioctanoylglycerol, the Ca ionophores A23187 and ionomycin, and prostaglandin E2 rapidly depolarize the Vt of CCD when applied from the basolateral side (5-7, 18, and our unpublished data). In addition, all of these three signals are known to inhibit transepithelial Na reabsorption (5-7) in the CCD. Thus, it seems unlikely that these autoregulation mechanisms are employed by luminal AVP to inhibit water transport without either depolarizing the V, or inhibiting Na transport. However, we cannot rule out the possibility that luminal AVP selectively or locally activates these signals in the apical membrane or subapical cytoplasm, modulating cell functions in fashions different from those mentioned above. The inhibition of the hydroosmotic effect by luminal AVP may be secondary to a change in electrolyte transport. The change in electrolyte transport underlying the luminal AVP-induced sustained hyperpolarization would alter the electrolyte composition or pH of the luminal perfusate as well as that of the intracellular fluid. Previous studies on amphibian urinary bladder and mammalian CCD (40, (43) (44) (45) have shown that the hydroosmotic effect of basolateral AVP is sensitive to alteration in extracellular and/or intracellular pH and electrolyte composition. Such inhibitory mechanisms may function in either ofthe two cell types in the CCD, because the osmotic water permeability of intercalated cells as well as that of principal cells is reported to be increased in response to basolateral AVP (26, 35) .
Finally, it also remains to be explored how AVP interacts with the luminal surface of the CCD. Although regulation of tubular epithelial functions by hormones in the lumen (urine) has been largely unexplored, a few hormones or biologically active substances are known or are suggested to act from the apical side of the renal tubule. For example, dopamine receptors have been found on the apical membrane of the proximal tubule (46) . In the rabbit medullary thick ascending limb of loop of Henle, luminal prostaglandin E2 has been found to depolarize V, (47) . Also, it has been found that an apical G protein linked to an ion channel exits in the rat medullary collecting duct (48). In the light ofa previous study by Ando et al. (1) , the higher threshold concentration for the action of luminal AVP compared with that of basolateral AVP and the antagonistic action of luminal AVP on water transport imply that a V,-type receptor might reside on the apical membrane.
However, studies should be undertaken with caution before classifying the luminal receptor for AVP, if present, as either the VI or V2 type, because the interaction ofAVP and CCD on the luminal surface may not be mediated by previously defined AVP receptors for signal transduction. Also, cross-reaction of AVP and oxytocin receptors should be considered (49) . Furthermore, an early in vivo clearance study suggested that AVP filtered or excreted into urine might interact with catabolic enzymes on the luminal surface of the distal nephron segment (50) . Such an interaction ofthe apical membrane of CCD cells and AVP for digestion might alter CCD functions secondarily.
Regardless of the mechanisms underlying the luminal action of AVP, an intriguing hypothesis is deducible. The concentration of urinary AVP would not be as high as the nanomolar range to exert its effect in the CCD under euhydration or mild dehydration (9-11). However, among the numerous factors and conditions that affect urine production in vivo, some might attenuate the antidiuretic action of basolateral AVP by increasing the urinary excretion of AVP. This inference seems reasonable to explain a paradox between the release of AVP and the local action ofAVP in the kidney. For example, prostaglandins, kinins, and catecholamines are well known inhibitors of the antidiuretic action of AVP in the kidney (17, 19, 25, 47) . However, they also stimulate the release of AVP from the neurohypophysis (8) . Thus, under circumstances where these "renal" AVP antagonists are systemically increased, e.g., physical stress, excessive water reabsorption in the CCD due to elevated circulating AVP may be mitigated not only by the actions of these antagonists in the kidney, but also, in part, by the drastically increased AVP in the tubular lumen. In SIADH (syndrome of inappropriate secretion of antidiuretic hormone), a high luminal AVP concentration might also play a role in facilitating urine output, despite high levels of plasma AVP.
In conclusion, this study has demonstrated that luminal (urinary) AVP in the CCD modulates water and transepithelial voltage distinctly from basolateral (plasma) AVP. It is suggested that urine production is modulated by AVP at the CCD epithelium amphilaterally in vivo. The mechanisms as well as and the physiological significance of these actions of luminal AVP awaits further elucidation.
